Reactive oxygen species (ROS) is critical for premature senescence, a process significant in tumor suppression and cancer therapy. Here, we reveal a novel function of the nucleotide excision repair protein DDB2 in the accumulation of ROS in a manner that is essential for premature senescence. DDB2-deficient cells fail to undergo premature senescence induced by culture shock, exogenous oxidative stress, oncogenic stress, or DNA damage. These cells do not accumulate ROS following DNA damage. The lack of ROS accumulation in DDB2 deficiency results from high-level expression of the antioxidant genes in vitro and in vivo. DDB2 represses antioxidant genes by recruiting Cul4A and Suv39h and by increasing histone-H3K9 trimethylation. Moreover, expression of DDB2 also is induced by ROS. Together, our results show that, upon oxidative stress, DDB2 functions in a positive feedback loop by repressing the antioxidant genes to cause persistent accumulation of ROS and induce premature senescence.
DDB2 is encoded by the nucleotide excision repair (NER) XPE gene (17, 24, 33) . Unlike other NER gene-deficient cells or xeroderma pigmentosum (XP) cells, the XPE cells exhibit only a mild deficiency in NER (55) . However, because of its high affinity for cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts, several studies implicated DDB2 in the early damaged-DNA recognition step of NER (61) . However, a direct role of DDB2 in NER is a point of controversy (28, 41, 57) . Lower organisms (yeasts), in which other XP genes are conserved, apparently do not encode a DDB2 homolog (55, 64) . We showed that DDB2 associates with Cul4, a component of an E3 ubiquitin ligase complex that is now known to involve the DDB2 binding protein DDB1 as its adapter (48) . The Cul4-DDB1 E3 ligase associates with a number of substratespecific adapter proteins to target substrates for ubiquitination (30, 35) . DDB2 is believed to be one of those substrate adapters, which allows Cul4-DDB1 to target specific proteins. Two studies suggested that the Cul4A-DDB1-DDB2 complex could participate in the ubiquitination of histones, indicating a role of DDB2 in chromatin remodeling (23, 59) . Other investigators suggested a role of Cul4A-DDB1-DDB2 in the ubiquitination of XPC (15, 52) . We recently found that DDB2 is involved also in targeting p21 for proteolysis and demonstrated that DDB2 stimulated NER by regulating the level of p21 (51) .
It was shown elsewhere that DDB2 Ϫ/Ϫ mouse embryonic fibroblasts (MEFs) are resistant to UV-induced apoptosis (20, 21) . Recently, we extended those observations by demonstrating that DDB2 Ϫ/Ϫ MEFs or DDB2-deficient human cells are resistant to apoptosis induced by a variety of DNA-damaging agents (50) . Moreover, DDB2 Ϫ/Ϫ MEFs are deficient in E2F1-induced apoptosis. The resistance to apoptosis is linked also to high-level accumulation of p21 because deletion of p21 restored apoptosis. The polyubiquitination of p21 is significantly reduced in DDB2-deficient cells (50) , suggesting that after DNA damage DDB2 plays a key role in polyubiquitinating p21. Also, we observed evidence for a physical association between DDB2 and p21, which was increased in UV-irradiated cells (50) , indicating that DDB2 plays a direct role in targeting p21 for proteolysis after DNA damage. These observations provided evidence that DDB2, in addition to stimulating NER, plays a significant role in terminating DNA damage checkpoint, allowing cells with extensive DNA damage to undergo apoptosis.
In addition to its role in the inhibition of cell cycle and apoptosis, p21 has been implicated also in cellular senescence, as its level increases in senescent cells (7) . Cellular senescence is defined as a proliferative arrest of a cell after a limited number of cell divisions while the cell remains metabolically and synthetically active (6, 63) . Senescence can be triggered by both extrinsic factors such as oncogenic stress, DNA damage, oxidative stress, and culture shock and intrinsic factors such as telomere regression in human cells (19) . When grown in cell culture medium, human diploid fibroblasts undergo 60 to 80 population doublings, after which they cease proliferation as a result of telomere erosion and enter into the stage of replicative senescence characterized by enlarged and flattened morphology, increased granularity, and enhanced senescence-associated ␤-galactosidase (SA-␤-Gal) activity (13) . In contrast, telomere length does not limit the ability of the murine fibroblasts to proliferate in culture. It was shown that the supraphysiological level of oxygen or reactive oxygen species (ROS) under which the cells are grown led murine fibroblasts to senesce (39) . ROS accumulation or oxidative stress induces the senescent phenotype in response to oncogenic stress as well as in response to DNA-damaging agents (56) . These pathways have been termed premature senescence, which recapitulates molecular features of replicative senescence. Premature senescence in-duced by oncogene expression is a significant mechanism of tumor suppression involving the Ink4a/Arf locus (47) . Moreover, DNA damage-induced premature senescence is significant, as many anticancer drugs have been shown to induce premature senescence of tumor cells (12, 44) .
Because DDB2 Ϫ/Ϫ MEFs express p21 at a high level, we expected those cells to undergo premature senescence at an earlier passage than the wild-type (WT) MEFs. Surprisingly, we found that DDB2 Ϫ/Ϫ MEFs escape senescence at a very high frequency. Moreover, DDB2 Ϫ/Ϫ MEFs or DDB2-deficient human cells are resistant to premature senescence induced by a variety of agents, including oncogenic stress, exogenous oxidative stress, and DNA damage. The lack of premature senescence in the presence of high-level p21, especially after DNA damage, suggests that DDB2 functions in the senescence program through a mechanism that is downstream of the p21 pathway senescence. Here we show that DDB2 participates in the senescence program by inducing persistent accumulation of ROS.
MATERIALS AND METHODS

Mice and MEFs. DDB2
Ϫ/Ϫ mice were generated in our laboratory. MEFs were obtained from 13.5-day WT or DDB2 Ϫ/Ϫ sibling embryos and were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS). Drug treatment and UV irradiation. UV irradiation (50 J/m 2 ) of cells was carried out with a Stratalinker (Fisher Scientific) adjusted to UV-C irradiation. The cells were washed with phosphate-buffered saline (PBS) before irradiation in the absence of any medium. Following irradiation, cells were supplemented with culture medium. Cisplatin (Sigma; P4394) was used at a final concentration of 30 M, and aclarubicin (Sigma; A8959) was used at a final concentration of 0.5 M. Cells were treated with the drugs for 8 h followed by washing with PBS and supplementation with culture medium.
Western blot analysis. Cells were harvested following washing with PBS. Cells were lysed by suspension in 2 volumes of buffer containing 0.02 M HEPES (pH 7.9), 0.4 M NaCl, 0.1% NP-40, 10% (vol/vol) glycerol, 1 mM NaF, 1 mM sodium orthovanadate, and a protease inhibitor cocktail. Extracts were subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, followed by blotting to nitrocellulose. The blots were probed with antibodies to p19Arf (Abcam), Cdk2 (Santa Cruz), human DDB2, mouse DDB2, H-Ras (Santa Cruz), T7 monoclonal antibody (Novagen), catalase (Calbiochem), and manganese superoxide dismutase (MnSOD) (Stressgen).
Senescence-associated ␤-Gal assay. MEFs (WT or DDB2
Ϫ/Ϫ
) and HCT116 cells (with short hairpin RNA [shRNA] targeting LacZ or DDB2) were plated at low density. Cells were washed twice with ice-cold PBS and fixed in 2% formaldehyde and 0.2% glutaraldehyde solution in PBS. Cells were incubated overnight at 37°C in staining solution containing 1 mg/ml X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside), 40 mM citric acid-sodium phosphate (pH 6.0), 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl, and 2 mM MgCl 2 . They were photographed thereafter and scored by assessing 15 random fields/plate in triplicate. ) were grown for 3 days (1 ϫ 10 6 cells/60-mm plate). The MEFs were split every 3 days and replated at the same density. This 3T3 cultivation was repeated for 9 passages for WT MEFs and 20 passages for DDB2 Ϫ/Ϫ MEFs. Population doublings were calculated according to the formula log(final cell number/plated cell number)/log 2 .
Semiquantitative reverse transcription-PCR (RT-PCR).
Total RNA was extracted from the cells with Trizol. One microgram of total RNA was then subjected to DNase I treatment using RQ1 RNase-free DNase I (Invitrogen). The DNase I-treated RNA was reverse transcribed using an iScript cDNA synthesis kit (Bio-Rad) according to the manufacturer's protocol. PCR amplification was carried out with the following primers: mouse MnSOD, forward, 5Ј-ATTAACGCGCAGATCATGCA-3Ј, and reverse, 5Ј-TGTCCCCCACCATT GAACTT-3Ј; mouse catalase, forward, 5Ј-CCGACCAGGGCATCAAAA-3Ј, and reverse, 5Ј-GAGGCCATAATCCGGATCTTC-3Ј; mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH), forward, 5Ј-AACTTTGGCATTGTGGA AGG-3Ј, and reverse, 5Ј-CCATCCACAGTCTTCTGGGT-3Ј; mouse DDB2, forward, 5Ј-GCTCCAAAGGGGGAGATATT-3Ј, and reverse, 5Ј-CTTCTTGT GCATTCGGAGGT-3Ј; p19Arf, forward, 5Ј-CCCACTCCAAGAGAGGGTTT-3Ј, and reverse, 5Ј-TCTGCACCGTAGTTGAGCAG-3Ј; human MnSOD, forward, 5Ј-GGCTTGGTTTCAATAAGGAACGG-3Ј, and reverse, 5Ј-ATCCCCA GCAGTGGAATAAGG-3Ј; human catalase, forward, 5Ј-TGATTACACTCCA GCGTGGTGAG-3Ј, and reverse, 5Ј-CATAGATGCCCTCTGAGACTCTGC-3Ј; human cyclophilin, forward, 5Ј-GCAGACAAGGTCCCAAAGACAG-3Ј, and reverse, 5Ј-CACCCTGACACATAAACCCTGG-3Ј; human DDB2, forward, 5Ј-CCAACCAGTTTTACGCCTCCTC-3Ј, and reverse, 5Ј-TGTCTCCTG TGACCACCATTCG-3Ј; p14Arf, forward, 5Ј-GAACATGGTGCGCAGGTTC T-3Ј, and reverse, 5Ј-CCTCAGCCAGGTCCACGGG-3Ј.
Each PCR mix contained 5 l 5ϫ PCR mix, 0.5 l deoxynucleoside triphosphate (dNTP), 1.5 l MgCl 2 , 0.125 l Taq polymerase (Promega), 2 l cDNA, 13.875 l water, and 1 l (each) forward and reverse primer.
ChIP assay. Cells were either left untreated or infected with LacZ/DDB2-T7-expressing adenovirus. Infected cells were processed after 18 h for chromatin immunoprecipitation (ChIP) assay. Cells were first cross-linked by addition of 37% formaldehyde (Fisher) to a final concentration of 1% and incubated for 10 min with gentle swirling at room temperature. Cross-linking was stopped by addition of 2.5 M glycine at a final concentration of 0.125 M glycine for 5 min with gentle swirling. Cells were washed twice with ice-cold sterile PBS and then collected by adding 1 ml of ice-cold sterile PBS containing 1 mM phenylmethylsulfonyl fluoride (PMSF) and protease inhibitors (Roche). Cells were scraped, transferred into an Eppendorf tube, and centrifuged at 2,000 rpm for 5 min. The cell pellet was then resuspended in a 2ϫ pellet volume of sodium dodecyl sulfate (SDS) lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris, pH 8.1) and placed on ice for 10 min. The resulting extract was sonicated and precleared, and immunoprecipitation was carried out with 2 g of antibody (DDB2, Santa Cruz; T7, Novagen; H3K9Me3, Upstate; Suv39h, Upstate; immunoglobulin G [IgG], Santa Cruz; Cul4a). Cross-links were reversed on all samples, including input, by addition of 100 l Tris-EDTA (TE) containing 200 mM NaCl and 0.1 mg proteinase K/ml, and then samples were incubated overnight. DNA was extracted from the digested samples using a PCR purification kit (Qiagen). Extracted DNA was amplified by PCR alongside 0.1% of the input chromatin used to carry out the immunoprecipitation. Human MnSOD promoter-specific primers (forward, 5Ј-GGCAGGAATCTGAGAATTGG; reverse, 5Ј-TTCTGACTG TGAAGGGACCA-3Ј) and human catalase-specific primers (forward, 5Ј-CATT TTTCCCATCACAAGGG-3Ј; reverse, 5Ј-TTTGCAACCAAAGGATGGAT-3Ј) were used to carry out PCR. The PCR products were separated on agarose gels and visualized by ethidium bromide staining. For re-ChIP analysis, complexes from the primary ChIP were eluted with 10 mmol/liter of dithiothreitol (DTT) for 30 min at 37°C, diluted 10 times with ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris, pH 8.0, 167 mM NaCl) followed by reimmunoprecipitation with the indicated second antibodies, and subjected to the ChIP procedure.
ROS measurement. Cells were incubated with 5 mM dichlorodihydrofluorescein diacetate (DCFDA; Molecular Probes) for 30 min. Cells were then washed with PBS and immediately mounted on slides with mounting medium containing DAPI (4Ј,6-diamidino-2-phenylindole; Vector Laboratories) and viewed with a Nikon microscope.
siRNA transfection. A short interfering RNA (siRNA) duplex targeting the human DDB2 gene (5Ј-GAGCGAGAUCCGAGUUUAC-3Ј) was synthesized (Dharmacon Research).This siRNA duplex (50 nM) was transfected using Lipofectamine 2000 reagent (Invitrogen) in serum-free medium following the manufacturer's protocol. Four hours after transfection, medium containing 10% FBS was added. Cells were split 1:3 next day and used for experiments thereafter.
Carbon tetrachloride injection. WT or DDB2
Ϫ/Ϫ mice, 6 to 8 weeks old, were treated once a week with intraperitoneal injections of 1 ml CCl 4 /kg of body weight for 2 weeks to induce liver damage. Animals were sacrificed 72 h after the last injection, and their livers were used for SA-␤-Gal assay. Briefly, liver tissues were snap-frozen and sections were made. Sections were fixed with 2% formaldehyde-0.2% glutaraldehyde in PBS for 15 min, washed with PBS, and stained as mentioned previously. Sections were counterstained with nuclear fast red.
RESULTS
Absence of DDB2 causes deficiency in senescence in MEFs.
We showed previously that the DDB2 Ϫ/Ϫ MEFs are deficient in the proteolysis of p21 after DNA damage (50) . Because upregulation of p21 is associated with senescence, we compared the wild-type and DDB2
Ϫ/Ϫ MEFs obtained from embryos from heterozygote mating for senescence in culture. Surprisingly, we observed that, unlike the MEFs from the wild-type littermates, the DDB2 Ϫ/Ϫ MEFs continued to grow beyond passages 9/10. Typically, the WT MEFs stopped proliferating at passages 6/7, and by passage 9, they exhibited all the morphological phenotypes of senescent cells (Fig. 1A) . The DDB2 Ϫ/Ϫ MEFs slowed down proliferation at passages 6/7, but the cells exhibited senescent phenotypes at a much lower frequency at passages 9/10. Moreover, we found that the DDB2 Ϫ/Ϫ MEFs could be immortalized very easily. To further investigate the lack of senescence in the DDB2 Ϫ/Ϫ MEFs, population-doubling studies were performed. The MEFs were divided every 3 days and counted for cell number. The population doublings were plotted against days in culture. As expected, the wild-type MEFs stopped proliferating after 15 or 18 days (Fig. 1B) . The DDB2 Ϫ/Ϫ MEFs also exhibited crisis, as did the wild-type MEFs, between passages 7 and 10, but they escaped the crisis at a very high frequency (Fig. 1B) . A similar lack of senescence phenotype was found for the MEFs derived from the DDB2 Ϫ/Ϫ p21 Ϫ/Ϫ embryos, whereas the p21 Ϫ/Ϫ MEFs senesced similarly to the wild-type MEFs (not shown).
Next, we assayed for the senescence marker SA-␤-Gal. MEFs at various passages were subjected to SA-␤-Gal expression following a previously described procedure. As shown in Fig. 1C , the DDB2 Ϫ/Ϫ MEFs expressed the senescence marker at lower frequencies than did the WT MEFs. Also, the positive cells in the DDB2 Ϫ/Ϫ MEFs had less intense staining of SA-␤-Gal (included in the counts; lower panel of Fig. 1C) .
Interestingly, we observed that the expression of DDB2 in the wild-type MEFs increased with passage numbers (Fig. 1D) . The increased expression of DDB2 coincided with the increase in senescence, as judged by SA-␤-Gal expression. WT and DDB2 Ϫ/Ϫ MEFs at various passages were compared for the levels of p19Arf, which is critical for senescence in the MEFs. We consistently found a decrease in the levels of p19Arf mRNA in the DDB2 Ϫ/Ϫ MEFs ( Fig. 2A) . A detailed analysis of the levels of p19Arf was carried out. The mRNA level of p19Arf increased in the DDB2 Ϫ/Ϫ MEFs, as in the WT-MEFs, in passages 5 and 6, but the DDB2 WT MEFs decreases significantly beyond passage 7; therefore, they were not analyzed beyond passage 7.) The deficiency in senescence did not involve inactivation of p53 or deletion of p16Ink4a (Fig. 2B) . On the other hand, expression of p19Arf restored senescence in the DDB2 Ϫ/Ϫ MEFs (Fig. 2C) , indicating that the deficiency in senescence is related to a lack of p19Arf expression.
DDB2-deficient cells are resistant to oxidative stress-induced senescence. It was shown that the senescence of the MEFs in culture is linked to reactive oxygen species (ROS) and oxidative stress (39) . Therefore, we investigated whether there is any deficiency in ROS-induced senescence in the DDB2 Ϫ/Ϫ
MEFs. Passage 1 WT and DDB2
Ϫ/Ϫ MEFs, obtained from heterozygote mating, were treated with hydrogen peroxide (150 M) for 4 h and then maintained in culture for 3 days. To measure oxidative stress-induced premature senescence, the cells were assayed for SA-␤-Gal. Clearly, there was a significantly lower expression of SA-␤-Gal in the DDB2 Ϫ/Ϫ MEFs (Fig. 3A) . To extend the observations in human cells, we used HCT116 cells and generated cell lines stably expressing DDB2 shRNA. The HCT116 cells expressing the lacZ shRNA were compared with the DDB2 shRNA-expressing clones for response to oxidative stress, as in the previous experiment. Consistent with the observations in the MEFs, the HCT116 cells expressing DDB2 shRNA exhibited a similar deficiency in the expression of senescence marker following treatments with hydrogen peroxide (Fig. 3B) . The knockdown of DDB2 in the DDB2 shRNA-expressing cells was confirmed by Western blotting (Fig. 3C) .
Interestingly, expression of DDB2 in the WT MEFs and in the HCT116 cells was found to be increased by the oxidative stress ( Fig. 3D and E) , suggesting that DDB2 expression is activated by ROS. The induction was observed at the level of mRNA expression within 1 h of treatment with hydrogen peroxide, suggesting that it is an early effect of oxidative stress.
Furthermore, the induction of DDB2 expression was observed in alternative reading frame (ARF)-null cells that fail to senesce (Fig. 3F) , supporting the notion that the induction is not a consequence of initiation of the senescence program. Because senescence of MEFs in culture is believed to be a result of oxidative stress caused by culturing cells in 20% oxygen, we compared expression of DDB2 in MEFs grown at 3% oxygen and in 20% oxygen. Clearly, cells grown in 3% oxygen expressed much lower levels of DDB2 in all passages examined (Fig. 3G) . Furthermore, expression of DDB2 in the DDB2 shRNA-expressing HCT116 cells increased the level of senescence, as judged by the expression of SA-␤-Gal (Fig. 3H) .
DDB2 deficiency confers resistance to oncogenic stress-induced premature senescence. It has been shown that expression of oncogenic Ras or activated Akt induces premature senescence in primary cells (34, 46) . Therefore, we sought to investigate whether expression of an oncogenic form of Ras would induce premature senescence in the DDB2-deficient cells. Because of the short life span of the MEFs, it was difficult to design a good experiment to compare the wild-type and the DDB2 Ϫ/Ϫ MEFs. Therefore, we employed the primary human cell line IMR90. The IMR90 cells could be efficiently transfected with siRNA to knock down expression (11) . First, we infected the cells with a retroviral vector expressing a 4-hydroxytamoxifen-inducible RasV12-ER fusion protein (14, 53) . Addition of tamoxifen stabilized the RasV12-ER protein (Fig.  4A) . The RasV12-ER-expressing cells were then transfected with siRNA against DDB2 or control siRNA. The knockdown of DDB2 expression was confirmed by Western blot assays (Fig. 4B) . Twenty-four hours after siRNA transfection, the cells were treated with 4-hydroxytamoxifen to activate RasV12-ER. Forty-eight hours after the induction, the cells were subjected to SA-␤-Gal expression assays. As expected, in the control siRNA-transfected cells, induction of RasV12 caused senescence in a high percentage of cells, as judged by the senescence marker SA-␤-Gal. The DDB2 siRNA-transfected cells, on the other hand, did not exhibit any significant increase in premature senescence (Fig. 4C) . These results are consistent with the notion that DDB2 is required also for premature senescence induced by oncogenes. DDB2 is required for DNA damage-induced senescence. DNA-damaging agents have been shown to induce premature senescence in tumor and normal cells (56) . Therefore, we investigated whether the DNA-damaging agents could induce premature senescence in the DDB2-deficient cells. The MEFs (WT or DDB2 Ϫ/Ϫ ) were treated with cisplatin (30 M for 8 h), aclarubicin (0.5 M for 8 h), or UV irradiation (50 J/m 2 ). Treatment of the wild-type MEFs for 18 h with cisplatin or aclarubicin induces apoptosis (50) . That is why we used a shorter treatment time. The dosage of UV irradiation used in our experiments also induces apoptosis in the wild-type MEFs. However, we were able to detect senescence in the surviving population. Two days after treatment, the cells were assayed for SA-␤-Gal expression. The wild-type MEFs exhibited a significant increase in SA-␤-Gal-positive cells in comparison to the DDB2 Ϫ/Ϫ MEFs (Fig. 5A) . Also, we performed proliferation assays after treatment with the DNA-damaging agents. As expected, the wild-type MEFs exhibited a dramatic decrease in proliferation rate, whereas the DDB2 Ϫ/Ϫ MEFs continued to proliferate (Fig. 5B) . Consistent with the observations with the MEFs, the HCT116 cells expressing the DDB2 shRNA did not exhibit any significant increase in SA-␤-Gal-positive cells after treatment with the DNA-damaging agents (data not shown). The lack of DNA damage-induced senescence is not related to a lack of checkpoint activation, as we detected efficient H2AX focus formation in the HCT116 cells expressing DDB2 shRNA after cisplatin treatment (data not shown).
DDB2-deficient cells are impaired in the expression of ROS after DNA damage. DNA-damaging agents also increase the levels of reactive oxygen species and oxidative stress, which leads to premature senescence (references 9 and 43 and data not shown). Therefore, we sought to compare the levels of ROS production between the wild-type MEFs and the DDB2 Ϫ/Ϫ MEFs, as well as the HCT116 cells with or without DDB2 knockdown. As in the previous experiments, the cells were treated with UV irradiation, cisplatin, or aclarubicin. Eight hours following the treatments, the cells were treated with DCFDA to measure the levels of peroxide. Following a treatment with DCFDA for 30 min, the cells were stained also with DAPI. Peroxides convert DCFDA to a fluorescent compound. The fluorescence-positive cells were visualized and quantified by direct counting. The average percentages of fluorescence-positive cells with respect to DAPI signals from at least 10 different fields were plotted. In the MEFs as well as in the HCT116 cells, DDB2 deficiency clearly inhibited the accumulation of ROS following DNA damage (Fig. 6A and B) . Together, these results suggest that the deficiency in premature senescence is related to a deficiency in ROS accumulation in the absence of DDB2.
DDB2 is a repressor of the MnSOD and catalase antioxidant genes. Coincidentally, a recent study indicated that DDB2 could bind to the promoter of MnSOD and inhibit its expression (32) . Inhibition of the antioxidant genes could potentially explain our observations. Because we detected a loss of accumulation of peroxides, we assayed for both MnSOD and catalase expression in the presence and absence of DDB2. MnSOD and catalase mRNA levels were measured by RT-PCR assays. In the absence of DDB2, both the MEFs and the HCT116 cells exhibited a much greater expression of MnSOD and catalase (a huge increase in catalase) (Fig. 7A and B) . The protein expression of MnSOD and catalase was also significantly higher in the DDB2-deficient cells (Fig. 7C) . In reciprocal experiments, expression of DDB2 in the DDB2 Ϫ/Ϫ MEFs caused a severe inhibition of MnSOD and catalase expression ( Fig. 7D and E) . Thus, DDB2 regulates the level of ROS by inhibiting expression of the antioxidant genes. ROS accumulation increases the activity of p38MAPK, which increases expression of ARF. Consistent with that, the DDB2-mediated increase in p14Arf expression was inhibited by an inhibitor of p38MAPK (Fig. 7F) . Moreover, activation of p38MAPK in response to DNA-damaging agents, which increase ROS, is impaired in the DDB2-deficient cells (Fig. 7G) . Thus, it appears that DDB2 activates p19/p14Arf expression by increasing the level of ROS, which causes activation of p38MAPK.
DDB2 recruits Suv39h to induce chromatin remodeling and repress MnSOD and catalase promoters. To investigate a direct inhibition of expression of the MnSOD and catalase genes by DDB2, we performed ChIP experiments using different sets of primers covering 1 kb of the promoter-proximal region of the MnSOD and the catalase gene. In addition, we scanned the 1.6-kb promoter region of p14Arf. The ChIP experiments were carried out with HCT116 cells. The amplicons corresponding to the MnSOD, the catalase, and the Arf gene promoters are indicated in Fig. 8A and B with arrows. Fewer amplicons for the MnSOD promoter were used because of the previous work that identified a binding site for DDB2 in the MnSOD promoter. As shown in Fig. 8A , we observed evidence for a physical interaction of DDB2 with promoters of both MnSOD and catalase, but no interaction could be detected within the 1.6-kb region of the p14Arf promoter (Fig. 8B) . The DDB2-associated protein Cul4 was shown to associate with the histone H3K9 methyltransferase Clr4 to induce heterochromatin formation in fission yeast (22) . Moreover, a recent study indicated that Cul4 could recruit H3K4 methyltransferase MLL1 to activate expression of p16Ink4a expression (25) . Since we observed an inhibition of the MnSOD and catalase expression by DDB2, we considered the possibility that DDB2 might recruit Clr4 homolog Suv39h through its interaction with Cul4 to induce inhibitory methylation. First, we investigated whether Cul4A and Suv39h associate with the MnSOD and catalase gene promoters. We compared the HCT116 cells expressing LacZ shRNA and those expressing DDB2 shRNA in ChIP experiments. Both Cul4A and Suv39h interaction could be easily detected in the HCT116 cells expressing LacZ shRNA. However, the DDB2 shRNA-expressing cells did not exhibit any significant interaction of Cul4A and Suv39h with the MnSOD and catalase promoter (Fig. 8C) . Next, we assayed for H3K9 trimethylation using ChIP experiments. We could detect the presence of trimethylated histone H3K9 in the promoter regions of MnSOD and catalase in the HCT116 cells expressing LacZ shRNA but not in those expressing DDB2 shRNA (Fig. 8C) . Moreover, expression of DDB2 in the HCT116 DDB2 shRNA-expressing cells caused a significant increase in the recruitment of Suv39h and H3K9 trimethylation (Fig. 8D) . Furthermore, ChIP/re-ChIP experiments confirmed that DDB2 and Suv39h interacted with the promoters simultaneously (Fig. 8E) . Also, coimmunoprecipitation experiments provided evidence for a physical interaction between DDB2 and Suv39h (Fig. 8F) . Together, these results suggest that DDB2 recruits Suv39h onto the promoters of MnSOD and catalase to repress expression of these antioxidant genes by increasing histone H3K9 trimethylation.
To investigate the role of DDB2 in the regulation of MnSOD and catalase in vivo, RNAs from various tissues harvested from adult WT or DDB2 Ϫ/Ϫ mice were analyzed for the levels of MnSOD and catalase. Clearly, brain, thymus, lung, and liver from the DDB2 Ϫ/Ϫ mice exhibited significantly higher expression of MnSOD and catalase than did those tissues from the WT mice (Fig. 9A) , indicating that DDB2 is a key regulator of MnSOD and catalase expression in these tissues. To investigate the consequences of high-level antioxidant gene expression, WT and DDB2 Ϫ/Ϫ mice were subjected to CCl4-induced liver damage, which is known to increase the levels of ROS and senescence of the hepatic stellate cells (26) . The liver sections were assayed for expression of the senescence marker SA-␤-Gal. As expected, the liver sections from the DDB2 Ϫ/Ϫ mice exhibited greatly reduced expression of SA-␤-Gal compared to the sections from the WT mice (Fig.  9B) , confirming the notion that DDB2 plays an important regulatory role in the expression of the antioxidant MnSOD and catalase genes that is significant for premature senescence of cells in vivo.
DISCUSSION
Our observations are surprising with regard to p21. Several studies implicated p21 as an important component in the senescence pathway (1, 42) . For example, there is clear accumulation of p21 in senescence induced by telomere erosion (40) . Ϫ/Ϫ MEFs were infected with adenovirus expressing T7-tagged DDB2 or adenovirus expressing LacZ. Total cell extracts were subjected to Western blot assay with T7 or p19Arf antibody. CDK2 was used as a loading control. (E) Immortalized DDB2 Ϫ/Ϫ MEFs were infected with adenovirus expressing T7-tagged DDB2 or adenovirus expressing LacZ. Total RNA was analyzed by semiquantitative PCR for the levels of p19Arf, MnSOD, and catalase. GAPDH was used as a loading control. (F) HCT116 cells expressing DDB2 shRNA were infected with adenovirus expressing T7-tagged DDB2 or LacZ. One set of cells was treated with p38MAPK inhibitor SB203580, and the other set was left untreated. Total RNA was analyzed by semiquantitative PCR for the level of p14Arf. Cyclophilin was used as a loading control. (G) WT or DDB2 Ϫ/Ϫ MEFs were treated with cisplatin (Cis) or aclarubicin (Acla) as previously mentioned. Total cell extracts were subjected to Western blot assay with phospho-p38MAPK or total p38MAPK antibody. NT, no treatment.
Also, DNA damage-induced senescence was suggested to involve p21. The DNA damage response pathway activates p53 to induce expression of p21. A high level of p21 following extensive DNA damage has been implicated in premature senescence (10, 58, 60) . We showed elsewhere that DDB2 Ϫ/Ϫ mouse cells or DDB2-deficient human cells accumulate p21 at higher levels following DNA damage (50) . The increase in accumulation of p21 prevents the DDB2-deficient cells from undergoing apoptosis after DNA damage. The lack of apoptosis following DNA damage and the increased accumulation of p21 prompted us to look at premature senescence. We observed that, compared to DDB2-proficient cells, the DDB2-deficient cells are significantly impaired in undergoing premature senescence. Therefore, we think either that p21 is not essential for senescence or that, in the DDB2-deficient cells, the downstream effectors of p21 in senescence are disabled.
The DDB2 Ϫ/Ϫ MEFs escape senescence at high frequencies, and they fail to maintain expression of p19Arf, especially at the late passages. The DDB2 Ϫ/Ϫ MEFs also can be immortalized very easily. Expression of p19Arf in late passages or immortal DDB2 Ϫ/Ϫ MEFs restored senescence, suggesting that lack of p19Arf expression is the main cause of the deficiency in senescence in those MEFs (Fig. 2A) . However, at this point we do not know whether DDB2 plays any direct role in the expression of p19Arf. It was shown previously that senescence of MEFs, which depends on p19Arf, is a result of oxidative stress under the culture conditions (39, 45) . Consistent with that notion, we observed that the DDB2-deficient cells do not exhibit significant premature senescence when treated with hydrogen peroxide, an oxidative stress. The DDB2-deficient cells are impaired in premature senescence induced by oncogenic stress, which also involves oxidative stress (29, 62) . The DNA-damaging agents are also known to induce oxidative stress (8) . Therefore, oxidative stress appears to be the common denominator in the pathways to premature senescence. That is interesting because we found that DDB2 is required for ROS ac- cumulation and for oxidative stress following treatments with DNA-damaging agents. ROS are generated in cells by both enzymatic and nonenzymatic pathways. For example, the superoxide anion radical is generated by reduction of molecular oxygen by NAD(P)H oxidase and xanthine oxidase. It is generated also by leaking of electrons in the mitochondrial electron transport (complexes I and III) to oxygen (49) . Superoxide is dismutated by the superoxide dismutase to hydrogen peroxide, which in turn is scavenged by peroxidases, catalase, or other molecule scavengers. The activated Ras oncogene stimulates expression of NAD(P)H oxidase to increase the level of ROS in cells (18) . Apoptotic pathways can increase ROS production by disrupting the electron transport chain in mitochondrial membrane (27) . The ROS levels are attenuated by the scavengers, which are also carefully regulated in cells in order to maintain the optimum level of ROS required for cell proliferation (4, 5) . The ROS scavenger MnSOD, glutathione peroxidase, catalase, and sestrin genes are activated by the FoxO family of transcription factors (FoxOs) (2, 3) . Recently, we showed that in proliferating cells and in tumor cells, the transcription factor FoxM1 plays a significant role in attenuating the levels of ROS by stimulating expression of MnSOD, glutathione peroxidase, and catalase (36) . It is noteworthy that both FoxOs and FoxM1 can be downregulated by p21, as they require phosphorylation by the cyclin-dependent kinases (CDKs) for their transcriptional activity (16, 37, 38) . Consistently, it was shown that p21 could increase cellular levels of ROS (31) , suggesting the possibility that ROS is the downstream mediator of p21. That would explain also why we do not see premature senescence in the presence of high-level p21 in the DDB2-deficient cells, because those cells do not accumulate ROS.
We found that in the DDB2-deficient cells MnSOD and catalase are expressed at a very high level. Expression of DDB2 repressed expression of those antioxidant genes. Coincidentally, a recent study indicated that DDB2 could constitutively repress expression of the MnSOD gene (32) . That study identified a sequence element in the MnSOD promoter, which the authors claimed as a cognate element for DDB2. Our observations are somewhat different in that we did not see binding of DDB2 with that region of the promoter of MnSOD in the HCT116 cells. Also, the catalase gene promoter, which apparently lacks that cognate element, could interact with DDB2. Given the difference, we think that DDB2 interacts with the MnSOD and catalase promoters through its interactions with other DNA binding proteins. Irrespective of the mechanism by which DDB2 interacts with the MnSOD or catalase promoter, the observations suggest that DDB2 is a dominant repressor of MnSOD and catalase expression. DDB2 associates with the Cul4A-DDB1 E3 ligase complex (48) . Interestingly, several studies implicated Cul4 also in methylation of histones in chromatin. In fission yeast Cul4 associates with the histone H3K9 methyltransferase Clr4 and Rik1 (a DDB1-like protein) to generate heterochromatin (22) . In mammalian cells, Cul4A has been shown to recruit H3K4 methyltransferase MLL1 onto the p16Ink4a promoter to stimulate expression during oncogenic stress (25) . We observed that DDB2 could recruit Cul4A and the Clr4 homolog Suv39h onto the promoters of the MnSOD and the catalase genes. Moreover, we observed increased H3K9 trimethylation in those promoter regions. The increase in association with Suv39h and H3K9 trimethylation in the presence of DDB2 suggests that DDB2 represses expression of MnSOD and catalase by altering chromatin conformation.
We observed that in the wild-type MEFs expression of DDB2 coincides with initiation of the senescence program. DDB2 in mouse cells is not induced by p53 (54) . It was suggested that the MEFs are sensitive to oxidative stress in the culture (20% oxygen) (39) . Interestingly, we found that the DDB2 expression can be activated by ROS. Thus, it appears that DDB2, after being induced by ROS, causes repression of the ROS scavenger genes, such as MnSOD and catalase genes, to cause a persistent accumulation of ROS (Fig. 9C) . A persistent accumulation of ROS could be the major reason for the induction of premature senescence. In the absence of DDB2, the antioxidant ROS scavenger genes are derepressed, causing high-level constitutive expression, which precludes persistent accumulation of ROS and thus prevents premature senescence. We think that DNA damage-induced premature senescence is a significant tumor suppression mechanism that would prevent UV-induced skin carcinogenesis. The DDB2 Ϫ/Ϫ mice are susceptible to UV-induced skin carcinogenesis. Previous studies indicated that, in addition to NER, DDB2 is important for DNA damage-induced apoptosis, which is also an important tumor suppression mechanism. Our current study demonstrated premature senescence as an additional mechanism of tumor suppression supported by DDB2. We think that DDB2's role in the repression of MnSOD and catalase is distinct from its role in nucleotide excision repair (NER), which is linked to the phenotype of xeroderma pigmentosum (XP). The NER deficiency in the DDB2 Ϫ/Ϫ MEFs is related to its ability to regulate the levels of p21, and that deficiency could be reversed by deletion of p21. However, deletion of p21 did not restore premature senescence in DDB2 Ϫ/Ϫ MEFs (not shown). It is likely that DDB2 has evolved to participate in transcriptional repression of the antioxidant genes to ensure that cells harboring DNA damage do not replicate.
